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STUDIES OF DNA REPLICATION IN BaciZZus subtiZis 
( H .  Yoshikawa, M. Haas, H .  Mayoh, B.  Jansen ,  E .  Cook)  
DNA SYNTHESIS BY GERMINATING SPORES OF BaciZZus S u b t i z i S  
I. MECHANISM OF INITIATION OF DNA REPLICATION 
I n  t h e  preceding r e p o r t  we  descr ibed  our  f ind ing  t h a t  newly syn- 
t h e s i z e d  DNA s t r a n d s  w e r e  cova len t ly  j o i n e d  t o  p r e - e x i s t i n g  DNA i n  t h e  
spores o f  B .  subtizis. Based on t h i s ,  a c i r c u l a r  r e p l i c a t i n g  chromo- 
some w a s  proposed as a model f o r  i n i t i a t i o n  of chromosomal r e p l i c a t i o n .  
Subsequent experiments have confirmed t h i s .  A thymine-requiring s p o r e  
w a s  prepared i n  a medium conta in ing  D,O and 1 5 N ,  and was germinated i n  
H,O and 1 4 N  medium w i t h  3H-thymidine. 
DNA strands are labeled w i t h  D and "N, t h u s  having h e a v i e r  d e n s i t y ,  
and newly synthes ized  s t r a n d s  should have a normal l i g h t  d e n s i t y .  
DNA w a s  i solated and d e n s i t i e s  i n  CsCl were measured. The r e s u l t s  
showed t h a t  a DNA strand containing 3H w a s  jo ined  t o  a heavy s t r a n d  
c o n t a i n i n g  D and 1 5 N .  
s y n t h e s i z e d  DNA strands w e r e  cova len t ly  j o i n e d  t o  t h e  p re -ex i s t ing  
DNA,  t h u s  confirming t h e  previous f i n d i n g .  We are going t o  s t u d y  
physico-chemical p r o p e r t i e s  of t h e  i n i t i a t i o n  region t o  e s t a b l i s h  t h e  
proposed s t r u c t u r e  d i r e c t l y .  
I n  t h i s  procedure p re -ex i s t ing  
This  r e s u l t  c l e a r l y  i n d i c a t e d  that  newly- 
11. DNA REPLICATION WITH 5-BROMODEOXYURIDINE 
Use of 5-bromodeoxyuridine (5-BUdR) is important  i n  s tudying  
DNA r e p l i c a t i o n .  However, chromosomal r e p l i c a t i o n  wi th  5-BUdR h a s  
n o t  been s t u d i e d  c a r e f u l l y .  We have, t h e r e f o r e ,  s t u d i e d  t h e  
. 
w 
mode of  chromosomal r e p l i c a t i o n  with 5-BUdR dur ing  germi- 
n a t i o n  o f  thymine-requiring spores  of B. subt i l is .  
‘ 1  
P~~ l a b e l e d  spores  of B .  subtilis ( l eu - ,  t r y - ,  thy-) w e r e  
germinated i n  t h e  absence of thymine and r e p l i c a t i o n  of t h e  chromo- 
some w a s  i n i t i a t e d  by adding H3-5-BUdR. 
t i m e s  and c e n t r i f u g e d  i n  CsC1 .  
l a b e l e d  wi th  5-BUdR1, hybr id  (one of t h e  t w o  s t r a n d s  l abe led  wi th  
5-BUdR), and l i g h t  (both s t r a n d s  normal) DNA w e r e  measured from t h e  
prof i les  a f t e r  f r a c t i o n a t i n g  i n t o  70 f r a c t i o n s .  The r e s u l t s  are i n  
Figure 1. R e - i n i t i a t i o n  of chromosomal r e p l i c a t i o n  took  p l ace  when 
when t h e  primary r e p l i c a t i o n  had proceeded f o r  on ly  3% of  t h e  t o t a l  
chromosome. I t  w a s  a l s o  shown t h a t  t w o  chromosomal fo rks  w e r e  re- 
i n i t i a t e d  a t  about  t h e  same t i m e .  Furthermore,  t h e  r a t e  of t h e  
secondary r e p l i c a t i o n  is about  t h e  same as t h a t  of primary r e p l i c a -  
t i o n .  During germinat ion wi th  5-BUdR, p r o t e i n  s y n t h e s i s  w a s  severe-  
l y  i n h i b i t e d  and t h e  cells even tua l ly  d i ed .  The t ransforming a c t i v -  
i t y  o f  heavy DNA w a s  less than  1% of t h a t  o f  hybr id  or l i g h t  DNA. 
I t  might be p o s s i b l e  t h a t  a complete replacement of thymine by 5-BU 
would n o t  on ly  make DNA less func t iona l  due t o  incompletecomplemen- 
t a t i o n  between 5-BU and adenine b u t  also would cause p h y s i c a l  i n -  
s t a b i l i t y  of t h e  chromosome. 
cause of dea th  and of  non-function i n  t ransformat ion .  W e  are the re -  
f o r e  going to  s tudy  p h y s i c a l  p r o p e r t i e s  of 5-BU DNA i n  comparison 
w i t h  i t s  t ransforming  a c t i v i t y .  The mechanism of r e - i n i t i a t i o n  w i l l  
be also s t u d i e d  wi th  t h i s  system. 
DNA was i s o l a t e d  a t  va r ious  
The amounts of heavy (both s t r a n d s  
Such i n s t a b i l i t y  might be t h e  primary 
AN INDUCED PHAGE-LIKE PARTICLE OF Baci2lz.u S U b t i Z i S  
I n  the l a s t  semi-annual report, w e  r epor t ed  t h e  e x i s t e n c e  of 
phage-l ike p a r t i c l e s  i n  the l y s a t e  of B.  subtitis treated wi th  
mitomycin C du r ing  the loga r i thmic  growth phase.  
i s o l a t i o n  and p u r i f i c a t i o n  of  var ious  p a r t i c l e s  w a s  repor ted .  
t h i s  report, w e  describe p h y s i c a l  and b i o l o g i c a l  p r o p e r t i e s  of the 
phage- l ike  p a r t i c l e  and o f  i t s  PBSH DNA (PBSH = Phage B.  subtii!is HI. 
The method of 
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Fisurr? 1 .  Chromosmal r e p l i c a t i o n  w i t h  5-BUdR. p 3 2 -  
labeled spores were germinated i n  t h e  absence of 
thymine for 4 hrs and H’-S-BUdR was added a t  t i m e  0. 
Heavy ( H H )  , hybr id  (HL) ,and l i g h t  ( L L )  DNAs were 
f r a c t i o n a t e d  by  c e n t r i f u g a t i o n  i n  C s C 1 .  
T o t a l  amount of H 3 - a c t i v i t y  i n  t t H  a n d ’ H L ,  - r e l a t i v e  t o  the va lue  a t  105 min. 
H’ i n  H H  - H3 i n  HL r e p r e s e n t s  deqree  of r e - i n i t i a t i o n  
loo 
’ so 
r e p r e s e n t s  % of primary P~~ i n  tiL 
p32 i n  H L  + LL r e p l i c a  t 1 on 
- 
I. PHY S I CAL PROPERTIES 
A. Sedimentation Constants fs) 
The S of t h e  p a r t i c l e  w a s  determined by band sedimentat ion 
i n  C s C l  of va r ious  d e n s i t i e s ,  ranging f r o m  1.05 to  1.35 gm/cc. 
Ex t rapo la t ion  of S t o  u n i t  dens i ty  gave a sedimentat ion cons t an t  of 
so = 248. 
DNA w a s  e x t r a c t e d  from t h e  p a r t i c l e  by g e n t l y  shaking wi th  
phenol a t  room temperature .  The S of t h e  DNA w a s  measured fol lowing 
var ious  t rea tments .  The r e s u l t s  were as fol lows : 
Sedimentation constants and density o f  PBSH DNA 
* 
Native DNA Heat denatured DNA Renatured DNA** 
22.1 34.8 heterogeneous 
2 0  ,w 
Molecular 
wei gh t 8.7 x lo6 4.7 x l o 6  heterogeneous 
Density 
i n  C s C l  1.709 1.724 1.713 
* 
H e a t  denatured a t  looo  f o r  10 min. and quick ly  cooled i n  ice. 
Incubated a t  65O for 24 h r s .  i n  SSC (Std.  Sodium Ci t r a t e ) .  
** 
. 
B. Base Composition of  DNA 
N o  d i f f e r e n c e  i n  dens i ty  w a s  d e t e c t e d  between DNA from 
PBSH and B .  SubtiZiS DNA i n  C s C l  or CsS04 d e n s i t y  g rad ien t s .  The 
mel t ing  tempera tures  of t he  two DNAs w e r e  also measured t o  d e t e c t  
any d i f f e r e n c e s  i n  base composition, b u t  no d i f f e r e n c e s  could be 
de t ec t ed  between t h e  two with in  t h e  limits of s e n s i t i v i t y  of t h e  
method. The base composition of PBSH DNA w a s  c a l c u l a t e d  as 
43 ? 2.4% GC by t h e  above methods. 
C. E lec t ron  Microscopy 
The contour  l eng th  of PBSH DNA w a s  determined by means of 
t h e  Granboulan and Nirelean modif icat ion ( J .  Microscopie, 6:23, 1967) 
of  Kleinschmidt 's  technique.  The r e s u l t s  confirmed t h e  preceding 
f ind ings  f o r  molecular weight.  (Figure 2 ) .  
The number of PBSH l i b e r a t e d  p e r  induced cel l  w a s  d e t e r -  
mined by e l e c t r o n  microscopy. C a l i b r a t i o n  va lues  w e r e  e s t a b l i s h e d  
between t h e  concent ra t ion  of PBSH i n  s o l u t i o n  and i t s  o p t i c a l  d e n s i t y  
a t  260 mp. Thus O.D.,,, = 1 corresponded t o  6.25 x 10" pa r t i c l e s /ml .  
11. BIOLOGICAL PROPERTIES 
A. D o u b l e - L a b e l  Experiments 
B.  subtizis cells were l abe led  for 4+ genera t ions  wi th  
H3-thymidine p r i o r  t o  induct ion and l a b e l e d  wi th  P32  dur ing  induc t ion  
by mitomycin C. Analyses of the i s o t o p e s  i n  PBSH DNA revea led  t h a t  
14.6% of PBSH DNA o r i g i n a t e d  from t h e  c e l l u l a r  'DNA l abe led  p r i o r  t o  
induc t ion  and 40% of  DNA present  i n  t h e  cells a t  t h e  t i m e  of induc- 
t i o n  found i t s  way i n t o  PBSH DNA. The t o t a l  DNA conten t  of t he  
induced c u l t u r e  increased  2.7-fold durinq the  induct ion  per iod .  
S tud ie s  are i n  p rogres s  t o  determine whether t h i s  increment of DNA 
w a s  due t o  DNA s y n t h e s i s  by c e l l s  o r  m u l t i p l i c a t i o n  of PBSH. 
. 
Figure 2. E l e c t r o n  photomicrograph of  PBSH DNA. Uranium 
shadowing. Magni f ica t ion  150,000. Total l e n g t h  
36 !.I which corresponds t o  7.2 x lo6 d a l t o n s .  
B. Transduct ion by PBSH and Transformation by PBSH DNA 
PBSH transduced various mutant d e r i v a t i v e s  of B .  subtizis 
s t r a i n  168. Under t h e  condi t ions  used, t h e  e f f i c i e n c y  of  t ransduc-  
t i o n  is  between 1.5 x and 6.2 x lo-' adenine t r a n s d u c t a n t s  per 
PBSH p a r t i c l e  (about  8,000 t ransductan ts /ug  D N A ) .  The t ransducing  
e f f i c i e n c y  of  ade-16 marker,  which is  loca ted  closest t o  t h e  o r i g i n  
of t h e  B.  subt i z i s  chromosome, was between 25 to  70 t i m e s  h ighe r  than  
t h a t  of any o t h e r  marker. This  suggested t h a t  PBSH is  c l o s e l y  l i nked  
s p e c i f i c a l l y  t o  t h e  ade-16 marker or t o  t h e  o r i g i n  of  t h e  B .  s u b t i t i s  
chromosome. 
DNA e x t r a c t e d  from PBSH transformed 168 mutants w i th  some- 
what lower e f f i c i e n c y  than  w a s  ob ta ined  by t r a n s d u c t i o n ;  about  
4,000 ade-16 transformants/Ug DNA. Again, t r ans fo rma t ion  e f f i c i e n c y  
of ade-16 w a s  h ighe r  than  t h a t  of any o t h e r  marker tested. 
The gene frequency of t h e  c u l t u r e  w a s  measured dur ing  in -  
duc t ion  i n  o r d e r  t o  s tudy  t h e  mechanism of PBSH induc t ion .  The re- 
s u l t s  i n d i c a t e d  t h a t  t h e r e  w a s  a 2- t o  3-fold i n c r e a s e  i n  s p e c i f i c  
a c t i v i t y  f o r  ade-16 marker while t hose  for o t h e r  markers decreased 
2- t o  %fold .  
As a consequence, the  r a t i o  of  ade-16 t o  o t h e r  markers 
g radua l ly  inc reased  t o  approximately 6 dur ing  a 60 min. induct ion  
per iod .  Experiments of t h i s  type are i n  p rogres s  t o  determine 
whether o r  n o t  PBSH DNA r e p l i c a t e s  autonanously dur ing  induc t ion .  
A pre l iminary  r e su l t  i n d i c a t e d  t ha t  t h e  PBSH p a r t i c l e  
which t ransduced  ade-16 marker had a h e a v i e r  d e n s i t y  i n  C s C 1 ,  
i n d i c a t i n g  t h a t  t h e  particle has approximately 10% more DNA than  
o t h e r  p a r t i c l e s .  
STUDIES ON RNA POLYMERASE OF Azotobacter vinetandii  
(J. Krakow, M. Karstadt, R. S i e g e l ,  E. Fronk, E. Sheng) 
The s y n t h e s i s  of  RNA in vivo i s  ca t a lyzed  by t h e  enzyme RNA 
polymerase us ing  DNA as the template.  
i n  t h e  e x i s t e n c e  and maintenance of l i f e ,  RNA polymerase has  been a 
Because of i t s  crucial  role 
s 
s u b j e c t  of g r e a t  i n t e r e s t .  We have been s tudying  t h e  enzyme i n  
c e l l - f r e e  systems. Recently ou r  a t t e n t i o n  has  tu rned  to  t h e  synthe- 
sis of po ly r ibonuc leo t ides  i n  t h e  absence of templa te .  Such reac- 
t i o n s  are of i n t e r e s t  i n  the problem of chemical evo lu t ion  s i n c e  w e  
may assume t h a t  polymerizing "protoenzymes" e x i s t e d  a t  a t i m e  when 
n e i t h e r  template  DNA nor  polyr ibonucleo t ides  ex i s t ed .  I t  is  of in -  
t e r e s t  t o  see what the requirements are f o r  t h e  de novo s y n t h e s i s  o f  
polymers and also whether any order  or sequence is  imposed i n  t h e  
product  even though no template has been added. 
t h a t  unprimed s y n t h e s i s  of poly A:poly U w i l l  t ake  p l ace  wi th  t h e  
E. cozi RNA polymerase. Using t h e  RNA polymerase p u r i f i e d  from 
Azotobacter v ineknd i i ,  w e  have confirmed t h i s  f i n d i n g  and have ex- 
tended t h e s e  s t u d i e s  by demonstrating t h a t  an a l t e r n a t i n g  copolymer 
of IMP and CMP is synthes ized  from ITP and CTP i n  t h e  absence of 
pr imer .  
I t  has  been shown 
A l l  unprimed r e a c t i o n s  catalyzed by DNA and RNA polymerase are 
c h a r a c t e r i z e d  by a l a g  pe r iod  of  v a r i a b l e  length .  Under cond i t ions  
of s a t u r a t i n g  ATP and UTP, t h e  lag pe r iod  f o r  r A : r U  s y n t h e s i s  is 
15 f i n .  a t  37'. A t  27O, t h e  l a g  is over  60 min., whi le  a t  17O very 
l i t t l e  polymer is syn thes i zed  even a t  150 min. incubat ion .  During 
t h e  l a g  pe r iod ,  one may assume t h a t  t h e  s y n t h e s i s  of o l igonuc leo t ides  
wi th  a sequence i d e n t i c a l  t o  the polymer formed subsequent ly  i n  t h e  
r e a c t i o n  t a k e s  place and t h a t  t h i s  i n i t i a t i o n  process  is  very 
tempera ture-sens i t ive .  
f o r  10 min. and then  t h e  temperature is  lowered t o  17O ex tens ive  
r A : r U  s y n t h e s i s  occurs showing t h a t  t h e  formation of  oligomers has  
taken  p l ace  i n  the f i r s t  10  min. a t  37O and t h a t  subsequent  chain 
e longa t ion  and t r a n s c r i p t i o n  w i l l  occur a t  17O. 
t o  shor t en  t h e  l a g  phase a t  17' by adding an oligomer of  5 adeny l i c  
r e s i d u e s  (ApApApApA) . 
When a r eac t ion  mixture  i s  incubated  a t  37O 
I t  is also possible 
Although it has  been poss ib le  t o  syn thes i ze  r A : r U  i n  unprimed 
RNA polymerase r e a c t i o n s ,  a t tempts  t o  o b t a i n  polymer iza t ion  of  CTP 
and GTP i n  unprimed r e a c t i o n s  were unsuccessfu l .  W e  found t h a t  ITP, 
t h e  Watson-Crick analogue of GTP, w a s  incorpora ted  i n t o  a polymer i n  
c 
t h e  presence of  CTP. The polymer syn thes i zed  i n  t h e  unprimed reac- 
t i o n  is t h e  rIc copolymer i n  which t h e  IMP and CMP r e s i d u e s  are a l -  
t e r n a t i n g .  The a l t e r n a t i n g  s t r u c t u r e  w a s  determined by nea res t -  
neighbor a n a l y s i s  u s ing  -CTP and a 32 P -ITP. When poly C is 
added only  poly I and poly C a re  formed. 
REACT I ON u ~ ~ P - I T P  + CTP aJ2P-CTP + ITP 
A Unprimed 
~ _ _  ~ _ _  
SEQUENCE CPM SEQUENCE CPM 
CPI 10140 CPC 107" 
I P I  48 IPC 17041 
B po ly  C-primed CPI 37 CPC 13497 
IP 1 10757 IPC 87 
The i n a b i l i t y  of GTP t o  r e p l a c e  ITP i n  t h e  r e a c t i o n  is unex- 
pec ted  s i n c e  GTP is r e a d i l y  polymerized t o  poly G i n  t h e  poly C- 
d i r e c t e d  r e a c t i o n  and i s  a l s o  t h e  normal s u b s t r a t e  in v i v o .  Addit ion 
of  4 x lo-' M GTP t o  r eac t ions  con ta in ing  6 x 10- M ITP and 6 x 10- 
f.1 CTP caused a pronounced lengthening of the l a g  phase and a lowered 
r a t e  of s y n t h e s i s  of  r I C .  
pora ted  i n t o  t h e  polymer i n  p o s i t i o n s  a d j a c e n t  t o  CMP r e s i d u e s .  
Under t h e s e  cond i t ions  'H-GTP w a s  incor -  
FUTURE PLANS 
W e  p l an  t o  con t inue  our  s t u d i e s  on t h e  s y n t h e s i s  and s t r u c t u r e  
of r I C  copolymer. In  p a r t i c u l a r  t h e  sed imenta t ion  c o e f f i c i e n t ,  buoy- 
a n t  d e n s i t y  and T w i l l  be determined and compared wi th  t h a t  o f  t h e  
r 1 : r C  homopolymer synthes ized  i n  t h e  poly C-directed r e a c t i o n .  
The e f f e c t  of GTP on t h e  r eac t ion  w i l l  be f u r t h e r  i n v e s t i g a t e d  t o  
determine whether GTP a f f e c t s  p r i m a r i l y  t h e  i n i t i a t i o n  p rocess ,  o r  
whether both i n i t i a t i o n  and polymerizat ion are e q u a l l y  i n h i b i t e d .  
m 
& 
CHEMICAL AND OPTICAL PROPERTIES OF NUCLEIC ACIDS AND PROTEINS 
( M .  Maestre, K.  S i eux ,  c:. I Iur lbut ,  E. Hong) 
Our four  main l i n e s  o f  research  involve  t h e  s tudy  of n u c l e i c  
acids,  o f  t h e  n u c l e i c  a c i d  i n t e r a c t i o n s  wi th  p r o t e i n ,  and of p r o t e i n  
s t r u c t u r e ,  as fo l lows:  
A.  E l e c t r i c a l - O p t i c a l  P r o p e r t i e s  of Vi ruses  
Th i s  r e sea rch  invo lves  an i n t e n s i v e  s t u d y  of t h e  T-even 
bac te r iophages  w i t h  emphasis on t h e  T2 phage and t h e  T4 phage and 
t h e  amber mutants T4 (am N 58) which involve  changes on t h e  p r o t e i n  
c o a t .  The measurements w i l l  g ive  t h e  r o t a t o r y  d i f f u s i o n  c o e f f i -  
c i e n t s ;  t h e  s p e c i f i c  i n t r i n s i c  b i r e f r ingence  and form b i r e f r i n g e n c e ;  
and t h e  induced and i n t r i n s i c  d ipole  s t r e n g t h s  of t h e  v i r u s  and i t s  
p r o t e i n  coat or ghos t .  These parameters, which are r e l a t e d  t o  t h e  
g e n e r a l  s t r u c t u r e  o f  t h e  v i r u s , w i l l  g i v e  i n s i g h t  i n t o  t h e  f o r c e s  
involved  i n  t h e  i n t e r a c t i o n s  of t h e  v i r u s  wi th  i t s  h o s t  ce l l  and the 
s e l f  assembly i n  v i t r o  of t h e  component p a r t s  of t h e  v i r u s  (head, 
t a i l ,  t a i l  p l a t e ,  and t a i l  f i b e r s ) .  A manuscript  e n t i t l e d  "Trans i en t  
Electr ic  B i re f r ingence  S t u d i e s  on  T2 Bacteriophage and i t s  T2 Ghost' ', 
w a s  submi t ted  i n  May, 1967 t o  the  Journal of Molecular B i o l o g y .  
F u r t h e r  work is  be ing  c a r r i e d  out  on t h e  amber mutants of T 4  phage 
which l ack  t h e  t a i l  f i b e r s ,  by a graduate  s t u d e n t  i n  b iophys ic s ,  
M r .  Char l e s  Hurlbut.  
B. Study of t h e  O p t i c a l  Ac t iv i ty  o f  Various Types of Phages 
Both i n  The i r  Normal S t a t e  and a S u b s t i t u t e d  S ta te  Where 
Nucleic A c i d  Analogues, Such a s  5-Bromodcoxyuridine, 
5-Iodeoxyuridinc and 5-Fluorodeoxyuridine, a r e  Incorpora ted .  
The a l t e r a t i o n  of t h e  s t r u c t u r e  of t h e  n u c l e i c  acid i n  the 
i n t e r n a l  s t a t e  as compared t o  normal n u c l e i c  a c i d  of t h e  v i r u s  has  
g i v e n  an i n s i g h t  on t h e  d i s t o r t i o n s  involved i n  t h e  packing o f  t h e  DNA 
molecule i n  t h e  head of t h e  phage. Very l a r g e  changes i n  t h e  r o t a -  
t i o n a l  s t r e n g t h  a t  290 and 260 rnp i n  t h e  ORD spectra occur  i n  both  
t h e  i n t a c t  v i r u s  and on t h e  i s o l a t e d  DNA of  T2 phage. The 
s t r u c t u r e  of t h e  n u c l e i c  a c i d  i s  thus be ing  a l t e r e d  by t h e  presence  
of  t h e  bromine and i o d i n e  atoms a s s o c i a t e d  wi th  t h e  uraci l .  This  
a l t e r a t i o n  w a s  compared wi th  t h a t  seen  i n  n u c l e i c  a c i d s  which had 
been a l t e r e d  by placcmcnt i n  very h igh  s a l t  concen t r a t ion  a t  n e u t r a l  
pH. Both show q u a l i t a t i v e  s imi la r i t i es  i n  t h e  d i s t o r t e d  s ta te  ORD 
s p e c t r a .  
geometr ies  of t h e  bases  are a l t e r e d ,  w i t h  a consequent a l t e r a t i o n  
of t h e  o p t i c a l  a c t i v i t y  of  t h e  molecule. 
t h a t  t h e  a l t e r a t i o n  of t h e  molecule is due t o  t h e  extreme t i g h t n e s s  
o f  packing. Subsequent ORD measurements of d e n s i t y  mutants of lambda 
phage, Ab2, Ab2b5 which lack  1 2 %  and 24% r e s p e c t i v e l y  of t h e i r  n u c l e i c  
a c i d  complement, showed r e s u l t s  t h a t  agreed q u a l i t a t i v e l y  wi th  assumed 
geometr ica l  d i s t o r t i o n  of t h e  bases  i n  t h e  i n t e r n a l  n u c l e i c  a c i d s .  
A probable  explana t ion  is t h a t  i n  both cases t h e  s t a c k i n g  
I n  t h e  v i r u s e s  it is suspec ted  
C. P r o t e i n  -- N u c l e i c  Acid I n t e r a c t i o n s  
( i n  c o l l a b o r a t i o n  w i t h  D r . , J .  S. Krakow) 
The o p t i c a l  a c t i v i t y  of t h e  n u c l e i c  a c i d  i s  used t o  s tudy  
any p o s s i b l e  changes i n  s t r u c t u r e  as it i n t e r a c t s  wi th  p r o t e i n s  such 
as polymerases.  I n t e r a c t i o n s  of DNA-dependent RNA polymerase wi th  
s y n t h e t i c  polymers such as a l t e r n a t i n g  deoxy-AT copolymer and poly u 
a re  be ing  observed by ORD. Further  work is  t o  bc done on t h e  o t h e r  
t ypes  of i n t e r a c t i o n s  of nuc le ic  a c i d s  wi th  p r o t e i n s  such as t h e  
i n t e r n a l  p r o t e i n s  found i n  t h e  head of  T2 and T4 bac ter iophages .  
D. The S t r u c t u r e  of  SpinachFerredoxin 
( i n  c o l l a b o r a t i o n  w i t h  D r .  H. Matsubara) 
The ORD s p e c t r a  of spinach f e r r edox in  w e r e  measured i n  t h e  
range from 530 mp t o  195 mp. By t h e  use of t h e  r e c e n t l y  r epor t ed  
curves  of d i f f e r e n t  a - h e l i c a l ,  & s t r u c t u r e  and random coi l  con ten t  
po lypept ides  (Greenf i e ld ,  Davidson, and Fasman Biochemistrj, 6 :  1630 
19671, t h e  fol lowing va lues  were obta ined  f o r  t h e  sp inach  f e r r e -  
doxin molecule:  t h e  a - h e l i c a l  con ten t  i s  approximately of 20 t o  2 6 %  
o f  t h e  molecule and t h e  B-structure  is from 40 t o  44% of t h e  mole- 
cu le .  The va lues  for t h e  a - h e l i c a l  con ten t  agree  q u i t e  w e l l  w i th  
va lues  computed by t h e  method of P e r i t i ,  Q u a g l i a r o t t i  and Liquor i  
( J .  Mol. Biol. ,  24: 313 (1967) 1 .  
FUTURE PLANS 
1) I n  t h e  f u t u r e  s i x  months, w e  i n t e n d  to  s tudy  many o f  t h e  
assembly mutants ,  i.c., imperfect  head,  t a i l s ,  and t a i l  f i b e r s  
f o r  t h e i r  electro-optic p r o p e r t i e s .  
2 )  F u r t h e r  work w i l l  be done t o  determine t h e  q u a n t i t a t i v e  rela- 
t i o n s h i p  between t h e  degree of i n c o r p o r a t i o n  of base analogues 
and the opt ical  a c t i v i t y  of t h e  DNA molecule,  bo th  i n  t h e  
i n t e r n a l  s t a t e  i n  t h e  v i r u s ,  and f r e e  i n  s o l u t i o n .  
3)  Measurements of t h e  o p t i c a l  a c t i v i t y  o f  fe r redoxins  from o t h e r  
sources  w i l l  be made. 
SEQUENTIAL STUDY OF SPINACH FERREDOXIN: CONFIRMATION 
(H. Matsubara and D. Ouye) 
A f t e r  completion o f  t h e  sequence of spinach f e r r e d o x i n ,  a paper  
appeared on a l f a l f a  f e r r e d o x i n  (Keresz tes  and Margoliash,  J .  Biol .  
chem., 2 4 1 ,  5955 1966) which suggested t h a t  t h e  t w o  f e r r e d o x i n s  
had similar f u n c t i o n a l  p r o p e r t i e s  and chemical compositions.  How- 
ever,  it w a s  r e p o r t e d  t h a t  a l f a l f a  fe r redoxin  conta ined  6 c y s t e i n e  
r e s i d u e s  - and 101-102 amino acid r e s i d u e s .  Recent ly ,  a t  t h e  7th 
International Congress of Blochemistry h e l d  i n  Tokyo, Japan,  t h e  
a u t h o r s  r e p o r t e d  t h a t  a l f a l f a  fe r redoxin  contained 5 c y s t e i n e s  and 
97 amino acid r e s i d u e s .  
SEQUENTIAL STUDY OF CHROMATIW FERREDOXIN 
(H. Matsubara, R. M. S a s a k i ,  and D. Ouye) 
A s  t h e  f i rs t  s t e p  i n  t h e  s e q u e n t i a l  s t u d y ,  t h e  molecular weight  
and t h e  amino acid composition of Chromatiwn f e r r e d o x i n  w e r e  deter- 
mined. 
10,000 and t h e  amino-terminal a n a l y s i s  gave a lso a very  close v a l u e ,  
12,210. 
f 0 1 l o w s  : 
L y s ~ I ~ i s ~ A r g ~ A s p g T h r , S e r ~ G l u ~ ~ P r o ~ G l y ~ A l a ~ V a l ~ I l e ~ L e u 3 T y r 3 P h e  0 
TrpoMetlCysg, t o t a l  84 .  
excluding  i r o n  and labile s u l f u r .  
The ge l  f i l t r a t i o n  method gave a molecular weight  of about  
On this basis t h e  a m i n o  acid composition w a s  determined as 
The molecular weight  corresponded to  9,250 
The p u r i f i c a t i o n  procedure gave a l o w  recovery of f e r r e d o x i n  
b u t  c r y s t a l l i n e  mater ia l  w a s  e a s i l y  obta ined .  The p u r i f i e d  m a t e r i a l  
resembled t h e  c l o s t r i d i a l  type of f e r r e d o x i n  i n  i t s  absorp t ion  spec- 
trum, which had a f l a t  peak between 278 mu and 282 m u ,  a shoulder  a t  
310 mu and a broad peak a t  around 385 mp. 
Tryptophan w a s  absent  and one methionine r e s i d u e  w a s  p r e s e n t .  
Although t h e  a n a l y s i s  showed 0 . 3 1  mole phenyla lan ine  per mole o f  
p r o t e i n ,  w e  assumed t h a t  n o  phenylalanine w a s  p r e s e n t .  
The compositions of var ious  f e r r e d o x i n s  are shown i n  Table  1 
which i n c l u d e s  a fe r redoxin  from a u n i c e l l u l a r  green a l g a ,  
Scenedesmus. 
from green p l a n t s  and green a l g a e ;  type  ii, from p h o t o s y n t h e t i c  
bacter ia ;  type  iii , from nonphotosynthet ic  bacteria.  
The f e r r e d o x i n s  may be p laced  i n  t h r e e  groups: type  i ,  
I t  i s  i n t e r e s t i n g  t h a t  Chromatiwn fe r redoxin  shows some char- 
acteristics i n t e r m e d i a t e  between t h o s e  o f  f e r r e d o x i n s  of t y p e s  i and 
iii. The t o t a l  c o n t e n t  of basic amino acids is close t o  t h a t  of t h e  
p l a n t  type  f e r r e d o x i n s  although Chromatiwn fe r redoxin  is  lower i n  
l y s i n e .  The g lu tamic  a c i d  plus glutamine c o n t e n t  i s  h i g h e r  than 
t h a t  of aspar t ic  a c i d  p l u s  asparagine.  There i s  no t ryptophan ,  and 
t h e  c o n t e n t  o f  h a l f - c y s t i n e  i s  h igh;  i n  t h e s e  r e s p e c t s ,  it resembles 
t h e  bacter ia l  type .  I ts  content  of i s o l e u c i n e  is h i g h e r  than  t h a t  
o f  l e u c i n e .  The amino-terminal r e s i d u e  w a s  i d e n t i f i e d  as a l a n i n e ,  
8.19 mole/105 g ,  wi thout  any c o r r e c t i o n  f o r  t h e  losses, 10-15% dur- 
i n g  t h e  process o f  i d e n t i f i c a t i o n .  
The f a c t  t ha t  methionine w a s  found i n  Chromatiwn and 
SCened88?n~8 f e r r e d o x i n s  may be c o n t r a s t e d  w i t h  the f i n d i n g  t h a t  the 
f e r r e d o x i n s  of Swiss chard (Matsubara, unpubl i shed) ,  of taro (Rao 
and Mower, p e r s o n a l  communication, 1967) and of nonphotosynthet ic  
bacteria l ack  methionine.  
B 
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PURIFICATION AND CHARACTERIZATION OF Scenedesntus FERREDOXIN 
(H. Matsubara) 
The u n i c e l l a r  organism, Scenedesmus, w a s  chosen f o r  t h e  
s e q u e n t i a l  s tudy  of i t s  ferredoxin.  A very s imple p u r i f i c a t i o n  
procedure w a s  developed. 
beads wi th  a b lendor ,  DEAE-chromatography, ammonium s u l f a t e  
f r a c t i o n a t i o n ,  sephadex column diromatography hydroxy lapa t i t e  column 
chromatography, and c r y s t a l l i z a t i o n .  The m a t e r i a l  w a s  shown t o  be  
pure by d i s c  e l e c t r o p h o r e s i s  and c e n t r i f u g a t i o n .  
I t  includes the  breakage of c e l l s  by g l a s s  
The absorp t ion  spectrum was t h a t  of a t y p i c a l  p l a n t  type.  I t  
had 2 labile s u l f u r s  and 2 i r o n  atoms per molecule. 
of Scenedesmus fe r redoxin  was very s i m i l a r  t o  those  of sp inach  and 
S w i s s  chard. The amino a c i d  composition w a s  determined as shown i n  
The a c t i v i t y  
Table  1. 
SEQUENTIAL STUDY OF THERMOLYS I N 
(H. Matsubara and D .  Ouye) 
The amino-terminal sequence w a s  determined t o  be Ile-Thr-Gly- 
Thr by Edman procedure and t h e  carboxyl-terminal Tyr. 
FUTURE PLANS 
The s e q u e n t i a l  s t u d i e s  of  Chromatiwn or  SCenedeSW fe r redoxins  
w i l l  be continued. Some work on chemical modi f ica t ions  w i l l  be 
conducted wi th  Scenedesmus ferredoxin.  
EVOLUTION OF OXYGENASE OF AROMATIC COMPOWDS I N  PSEUDOMONADS 
(K. Hosokawa, S. Goolsby, J. L e v i t t )  
Pseudomonads, s o i l  b a c t e r i a ,  are h igh ly  adaptab le  organisms , 
and i n  s o i l  they conver t  var ious  o rgan ic  compounds t o  simple 
ino rgan ic  compounds, (den Dooren de Jong, 1926) .  Pseudomonas 'put ida  M-6 
(ATCC N o .  17428) is a s o i l  i s o l a t e  (K. Hosokawa, 1959) capable  of 
growing on p-hydroxybenzoic, s a l i c y l i c ,  benzoic ,  o r  a n t h r a n i l i c  
a c i d s  as t h e  sole source  of  carbon and energy. 
s p e c i f i c  enzymes are involved. These enzymes are a l l  inducib ly  
A t o t a l  of 1 3  
. 
syn thes i zed  i n  
of t h e  enzymes 
d i f f e r e n t i a t e d  
as a r e s u l t  of 
response t o  aromatic compounds. The close s imilar i t ies  
i n  analogous r eac t ion  s t e p s  i n d i c a t e  t h a t  they  were 
from a s i n g l e  enzyme p ro to type  or a s i n g l e  genome 
gene d u p l i c a t i o n  and modi f ica t ion  dur ing  evolu t ion .  
A comparison of p-hydroxybenzoate and s a l i c y l a t e  hydroxylases  w a s  
undertaken t o  i n v e s t i g a t e  t h i s ,  because t h e  t w o  enzymes are similar i n  
na tu re .  W e  have prepared p-hydroxybenzoate hydroxylase i n  c r y s t a l l i n e  
form s t a r t i n g  from 3 kilograms of bacter ia l  p a s t e .  The enzyme has  
FAD as a p r o s t h e t i c  group and r equ i r e s  NADPH and molecular oxygen 
bes ides  p-hydroxybenzoic a c i d  which is  converted t o  p ro toca techu ic  
acid. P u r i f i c a t i o n  of s a l i c y l a t e  hydroxylase is  i n  progress .  I t  
is also a FAD 
hydroxylase except  t h a t  it has a requirement f o r  NADH i n s t e a d  of 
NADPH . P-hydroxybenzoate hydroxylase c o n s i s t s  of a t  least  4 s u b u n i t s  
of d i f f e r e n t  e l e c t r o p h o r e t i c  m o b i l i t i e s .  The s u b s t r u c t u r e  of s a l i c y l a t e  
hydroxylase i s  be ing  inves t iga t ed ;  it is  l i k e l y  t h a t  it also c o n s i s t s  
of s u b u n i t s .  
have t h e  same evolu t ionary  o r i g i n ,  a common subcomponent might be 
r e t a i n e d .  Recons t i t u t ion  of hybrid enzyme by exchanging s u b u n i t s  
between t w o  hydroxylases  w i l l  be c a r r i e d  o u t  t o  t es t  t h i s  p o s s i b i l i t y .  
* 
enzyme having p r o p e r t i e s  very similar to  p-hydroxybenzoate 
* 
* 
I f  p-hydroxybenzoate and s a l i c y l a t e  hydroxylases  both  
W e  are p repa r ing  t o  i n v e s t i g a t e  g e n e t i c  c o n t r o l  mechanisms 
of oxygenases inc lud ing  hydroxylases.  Mutants lack ing  
p-hydroxybenzoate , s a l i c y l a t e ,  inc luding  benzoate  and a n t h r a n i l a t e  
hydroxylases ,  were obta ined  by microcolony i s o l a t i o n  technique  combined 
w i t h  t h e  p e n i c i l l i n  sc reening  method. Mutants l ack ing  pro toca techuate-  
and catechol-oxygenase a r e  be ing  examined. 
* 
FAD = Flav in  adenine d inuc leo t ide ,  NADH = Nictinamide adenine 
d i n u c l e o t i d e ;  NADPH = Nictinamide adenine d i n u c l e o t i d e  phosphate.  
I 
FUTURE PLANS 
1. Comparative biochemistry of hydroxylases .  
2 .  Evolut ionary a s p e c t s  of gene t i c  c o n t r o l  mechanism of oxygenases 
inc lud ing  hydroxylases .  
The mechanism of hydroxylat ion i s  be ing  i n v e s t i g a t e d  i n  
c o l l a b o r a t i o n  wi th  D r .  Barrie Hesp (Laboratory of Chemical Biodynamics). 
W C T I O N  AND STRUCTURE OF BACTERIAL RIBOSOMES 
(K. Hosokawa, M. A. Q .  S i d d i q u i ,  S .  Goolsby) 
A s p e c i f i c  f r a c t i o n  of s t r u c t u r a l  p r o t e i n  separates termed 
" s p l i t  p r o t e i n s "  (SP30 and SP50) when ribosomes of E.  co l i  (30s and 
50s = 1.6)  are sub jec t ed  t o  C s C l  equ i l ib r ium d e n s i t y  g r a d i e n t  
c e n t r i f u g a t i o n  and t h e  i n t a c t  r ibonucleopro te in  p a r t i c l e s  form a 
band of d e n s i t y  1.65 c a l l e d  "core p a r t i c l e s "  (23s and 4 0 s ) .  Uni ts  
w i t h  t h e  o r i g i n a l  sedimentat ion cons t an t  are formed which have t h e i r  
o r i g i n a l  func t ion  i n  terms o f  po lyur idyl ic -ac id  d i r e c t e d  phenyla lan ine  
i n c o r p o r a t i o n  (PUPI) by mixing t h e  s p l i t  p r o t e i n s  w i t h  core  particles.  
E lec t rophores i s  of  r ibosomal p ro te ins  i n  t h e  presence of  6-M urea  
showed t h a t  30s and 50s ribosomes con ta in  r e s p e c t i v e l y  13  and 17 
d i f f e r e n t  p r o t e i n s .  
W e  s t a r t e d  f u r t h e r  f r a c t i o n a t i o n  of s p l i t  p r o t e i n s  from 30s 
ribosomes. F r a c t i o n a t i o n  of  SP30 w a s  c a r r i e d  o u t  by DEAE-cellulose 
column chromatography i n  6-M urea. The f r a c t i o n  which passed through 
t h e  column w a s  termed basic pro te in  fraction (SP30B) and t h e  f r a c t i o n  
adsorbed and e l u t e d  by s a l t  was c a l l e d  acidic  p r o t e i n  fraction 
(SP30A). The former is  indispensable  i n  p e p t i d e  s y n t h e s i s  and t h e  
l a t t e r  is  d ispensable .  The bas i c  p r o t e i n  f r a c t i o n  (SP30B) w a s  
f u r t h e r  f r a c t i o n a t e d  i n t o  5 subcomponent proteins by c e l l u l o s e  c a t i o n  
exchange column chromatography i n  6-M urea. 
a t  over 95% as judged by polyacrylamide g e l  e l e c t r o p h o r e s i s .  Five 
k inds  of 30s ribosome p a r t i c l e s ,  each of which lacked  one of t h e  
5 components of SP30B, were produced i n  u i t ro  by mixing 23s core 
par t ic les ,  p l u s  SP30A, p l u s  components of  SP30B. 
P u r i t y  w a s  e s t ima ted  
PUPI i n  t h e  presence 
. 
-. . 
Figure 1 .  
proteins isolated from s p l i t  proteins of 30s ribosome. From l e f t  to  
right,  30s ribosome proteins fo l lwed by f ive  basic proteins of SP30B. 
Acrylamide gel  electrophoresis pattern of f ive  basic 
. 
of t h e s e  p a r t i c l e s  w a s  measured and compared wi th  t h a t  ob ta ined  w i t h  
completely r e c o n s t i t u t e d  30s ribosomes. I t  w a s  found t h a t  t h r e e  
p r o t e i n  sub-uni t s  were ind ispensable  and t w o  were d ispensable .  
are p repa r ing  t h e  f i v e  components i n  a l a r g e  scale. Charac t e r i za t ion  
of  t h e s e  components, especially the t h r e e  ind i spensab le  func t iona l  
p r o t e i n  s u b u n i t s ,  is  be ing  undertaken. Physicochemical p r o p e r t i e s  
and amino a c i d  sequence w i l l  be measured. 
W e  
FUTURE PLANS 
W e  p l a n  t o  develop a method t o  s p l i t  core p a r t i c l e s  from 
a n t i b i o t i c - r e s i s t a n t  organisms i n t o  RNA and p r o t e i n  and t o  r e c o n s t i t u t e  
core par t ic les  from them f o r  f u r t h e r  s tudy  of  codon-anticodon 
r ecogn i t ion .  Mutat ional  modi f ica t ions  of  ribosomal s t r u c t u r e ,  which 
cause misreading of codons, w i l l  be used t o  i n v e s t i g a t e  t h i s .  
Hybr id iza t ion  of  ribosomes from components of  d i f f e r e n t  organisms 
w i l l  be  s t u d i e d .  
Pseudomonas putida and Pseudomonas acidovorans can be  d i s t i n g u i s h e d  
f r o m  each o t h e r  by biochemical c h a r a c t e r i s t i c s ,  and are two 
r e p r e s e n t a t i v e  s p e c i e s  of Pseudomonas. 
of ribosomes f o r  hybr id i za t ion  experiments  i n  which w e  s h a l l  see 
how many components of t h e  ribosome are in te rchangeable  between t h e  
t w o  species. The ribosome i s  an o r g a n e l l e  t h a t  is found i n  a l l  organisms 
and is s u i t a b l e  f o r  comparative s t u d i e s  as a measure of  evo lu t iona ry  
divergence.  
w i l l  be examined t o  explore  the i n f l u e n c e  o f  temperature  on a l i v i n g  
system us ing  t h e  technique o f  r e c o n s t i t u t i o n  of hybr id  ribosomes. 
I s o l a t i o n  of RNase nega t ive  mutants of t h e s e  b a c t e r i a  w i l l  b e  a t tempted,  
because RNase a t t a c k s  ribosomal RNA dur ing  t h e  manipulat ions necessary  
for hybr id i za t ion .  
These w i l l  be used as sources  
Ribosomes of  thermophi l ic  and psychroph i l i c  organisms 
. 
FORMATION OF BACTERIOPHAGE T4 
(J. Hosoda and E .  Mathews) 
I.  DNA SYNTHESIS BY LIGASE-DEFECTIVE MUTANTS OF T4 
Rep l i ca t ion  of  T4 DNA i s  c h a r a c t e r i z e d  by i t s  high ra te  of 
recombination. The process  involves  enzymatic breakage and j o i n i n g  
of  preformed polynucleo t ide  s t r ands .  Richardson has  s t u d i e d  a T4 
induced enzyme, polynucleo t ide  l i g a s e ,  which c a t a l y z e s  t h e  r e p a i r  
o f  s i n g l e - s t r a n d  breaks by t h e  formation of phosphodiester  bonds and 
has  l o c a t e d  t h e  s t r u c t u r a l  gene f o r  t h e  enzyme. I t  has  been found 
t h a t  DNA s y n t h e s i s  induced by amber mutants i n  t h e  same gene starts 
a t  t h e  normal t i m e  b u t  qu ick ly  stops and t h e  newly synthes ized  DNA 
is slowly degraded t o  TCA-soluble materials (Hosoda, BBRC 27:294, 
1967) .  W e  s t u d i e d  t h e  s i z e s  of newly syn thes i zed  DNA and p a r e n t a l  
phage DNA, a f t e r  i n f e c t i o n  of l i gase -de fec t ive  amber mutants i n  
r e s t r i c t e d  cond i t ion ,  t o  i n v e s t i g a t e  t h e  p o s s i b l e  r o l e  of 
po lynucleo t ide  l i g a s e  i n  phage DNA s y n t h e s i s  and recombination. 
A cons iderable  p o r t i o n  of new DNA is  a s s o c i a t e d  w i t h  a l a r g e  
s t r u c t u r e  which sediments faster than  mature DNA, a l though this new 
DNA c o n s i s t s  of s i n g l e  strands much s h o r t e r  than  mature DNA when 
examined i n  a l k a l i  g r a d i e n t s .  The new DNA sepa ra t ed  i n t o  t w o  peaks i n  
a l k a l i  suc rose  g r a d i e n t s ,  one broad peak which sedimented as f a s t  as 
T7 DNA (1/5 t h e  s ize  of T4 DNA) and a sha rpe r  peak which sedimented 
much more s lowly ,  apparent ly  r ep resen t ing  f a i r l y  hanogeneous s h o r t  
segments. 
These t w o  new DNAs become s h o r t e r  upon f u r t h e r  incubat ion .  
Rep l i ca t ing  DNA d isappears  i n  n e u t r a l  g r a d i e n t s .  The s i n g l e - s t r a n d  
peak i n  a l k a l i  g r a d i e n t s ,  which sedimented f a s t e r  than mature DNA, 
became s h o r t e r .  
The p a r e n t a l  DNA became s h o r t e r  dur ing  the i n f e c t i o n :  the 
average molecular  s i z e  of s i n g l e  s t r a n d s  a t  t h e  t i m e  when DNA 
s y n t h e s i s  had almost s topped  was about  1/2 of mature DNA s ize .  
. 
11. ASSEMBLY O F  T4 HEADS FROM P R O T E I N  S U B U N I T S  AND DNA 
I t  i s  assumed t h a t  t he  presence of DNA as a core  is  necessary 
f o r  coat p r o t e i n  subun i t s  t o  assemble and t o  make heads of T4 phage. 
Polynucleo t ide- l igase  d e f e c t i v e  mutants do no t  accumulate DNA, b u t  
can syn thes i ze  head p r o t e i n  subuni t s .  I n t e g r a t i o n  of subun i t s  i n t o  
head-l ike s t r u c t u r e s  by t h e s e  mutants has  been inves t iga t ed .  The 
r e s u l t s  so f a r  i n d i c a t e  a s t rong  c o r r e l a t i o n  between a v a i l a b i l i t y  of 
l a rge - s i ze  DNA (poss ib ly  by r e p l i c a t i n g  form) ,  and i n t e g r a t i o n  of 
head p r o t e i n s .  The l i g a s e  mutation seemed to i n h i b i t  t h e  i n t e g r a t i o n  
of head p r o t e i n s  s t r o n g l y  b u t  did n o t  s t o p  it completely.  
of i n t e g r a t i o n  w a s  g r e a t e r  i n  the earlier pe r iod  than  la te r ,  which 
i n d i c a t e d  a c o r r e l a t i o n  between t h e  s i z e  of DNA and head i n t e g r a t i o n .  
The rate 
FUTURE PLANS 
1. DNA s y n t h e s i s  by l i g a s e  de fec t ive  mutants of T4 phage 
If DNA s y n t h e s i s  by T4 phage is mediated s o l e l y  by a c t i o n  of 
DNA polymerase which adds mnonucleotide-5'-phosphate t o  t h e  
3-hydroxyl end of polynucleot ide c h a i n s ,  and DNA s y n t h e s i s  starts 
a t  one end of double s t r anded  DNA, t h e  d i r e c t  product  could be a 
cont inuous polynucleo t ide  c h a i n  f o r  one s t r a n d  b u t  a c o l l e c t i o n  of 
short-chained segments f o r  t h e  o t h e r  s t r a n d .  I f  t h i s  i s  t h e  case, 
a polynucleo t ide- l igase- type  enzyme i s  necessary t o  connect t h e  s h o r t  
segments. The appearance of two groups of s i n g l e  s t r a n d s  i n  DNA 
made by a l i gase -de fec t ive  mutant i s  of i n t e r e s t  i n  t h i s  regard.  
Our f u t u r e  work w i l l  be to  i n v e s t i g a t e  i f  t h e s e  two groups of s i n g l e  
s t r a n d s  are de r ived  f r o m  t h e  two d i f f e r e n t  s t ands  of DNA molecules.  
2 .  Head assembly 
The problem of head assembly w i l l  be  continued by s tudying  t h e  
products  from head subun i t s  i n  the  absence of normal DNA. 
. 
REGULATION OF NUCLEOSIDE METABOLISM I N  E. co l i  
( H .  0. Kammen, E. E .  Turner ,  and S .  Spengler)  
E.  col i  can u t i l i z e  nuc leos ides  f o r  t h e  s y n t h e s i s  of n u c l e i c  
a c i d s ,  and can a lso degrade the  suga r  groups of nuc leos ides  f o r  t h e  
product ion  of energy. 
involve  t h e  formation and cleavage of pentose  phosphates by enzymes 
which are normally c o n s t i t u t i v e  i n  E.  co l i .  However, most of t h e s e  
enzymes can be opt imal ly  induced du r ing  growth of  E. col i  i n  t h e  
presence  of appropr i a t e  nuc leos ides .  
ogical and g e n e t i c  r e g u l a t i o n  of t h e s e  enzymes, and are a t tempt ing  
to  c h a r a c t e r i z e  mre f u l l y  some of t h e  i n d i v i d u a l  enzymatic s t e p s .  
The pathways of nuc leos ide  degrada t ion  
W e  are examining t h e  phys io l -  
A. Enzyme Induct ion  P a t t e r n s  
The enzymes w e  have examined can be grouped i n t o  s e v e r a l  
d i s t i n c t  classes on t h e  basis of t h e i r  i n d u c i b i l i t y  by s p e c i f i c  nucle-  
o s i d e s :  (1) One group, composed of thymidine phosphorylase (TP) and 
deoxyribose phosphate aldolase (DPA) is  f u l l y  induced only dur ing  
growth w i t h  deoxyribonucleosides  , b u t  not w i t h  r i b o s y l  compounds. 
Under a wide v a r i e t y  of  inducing and growth c o n d i t i o n s ,  Tp and DPA 
are induced and r ep res sed  i n  p a r a l l e l ,  sugges t ing  a coord ina te  genet-  
i c  c o n t r o l  f o r  t h e s e  two enzymes. W e  have a l so  ob ta ined  s e v e r a l  
mutants which are j o i n t l y  a l t e r e d  i n  t h e  b a s a l  levels of t h e s e  two 
enzymes, and which may con ta in  r egu la to ry  gene mutat ions i n  t h i s  
operon. ( 2 )  A second group of enzymes, t y p i f i e d  by pu r ine  nucle- 
o s i d e  phosphorylase (PNP) and phosphodeoxyribomutase (PDM) is  maxi- 
mally induced wi th  e i t h e r  deoxyribonucleosides ,  or wi th  pur ine  r ibo -  
nuc leos ides .  We do n o t  y e t  know whether t h e s e  enzymes are coordi- 
n a t e l y  r egu la t ed .  ( 3 )  I n  contrast t o  t h e  above groups,  s e v e r a l  
enzymes are induced c h i e f l y  on the  basis of base s p e c i f i c i t y .  
adenosine deaminase is inducib le  by adenine and hypoxanthine ' d e r i v a t i v e s ,  
and u r i d i n e  phosphorylase is induced s o l e l y  by c y t i d i n e  ( b u t  no t  
by u r i d i n e ) .  From t h e s e  p a t t e r n s ,  it is  e v i d e n t  that  the pathways 
of nuc leos ide  deg rada t ion  involve t h e  i n t e r a c t i o n  of a number of 
d i f f e r e n t  operons.  
E.g . ,  
B. I s o l a t i o n  and P rope r t i e s  of Mutant S t r a i n s  
In  o r d e r  t o  analyze the p h y s i o l o g i c a l  role of  t h e s e  enzymes, 
w e  have examined t h e  behavior  of mutants of E. co l i  B which lack  t h e  
i n d i v i d u a l  enzyme a c t i v i t i e s .  Since t h e s e  enzymes p a r t i c i p a t e  i n  
r e a c t i o n s  which lead t o  the  u t i l i z a t i o n  of  nuc leos ides  f o r  energy,  
t h e  mutant s t r a i n s  have been s e l e c t e d  by t h e i r  a b i l i t y  t o  u t i l i z e  
s p e c i f i c  nuc leos ides  as s o l e  carbon sources .  TP- mutants are unable 
t o  grow on thymidine,  b u t  can grow on pu r ine  nuc leos ides ;  mutants 
d e f e c t i v e  f o r  PNP show t h e  converse behavior .  S t r a i n s  lack ing  PDM 
or DPA do n o t  r e a d i l y  grow on deoxyribonucleosides .  
mutants of  t h e s e  types  have been i s o l a t e d  and c h a r a c t e r i z e d  on t h e  
basis of t h e i r  growth p a t t e r n s ,  enzymatic p r o f i l e s ,  and i n d u c i b i l i t y  
o f  non-mutated enzymes. Some of t h e i r  p r o p e r t i e s  are t a b u l a t e d  
below: 
Representa t ive  
PROPERTY E. co l i  STRAIN 
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I n h i b i t i o n  by deoxyribo- 
nuc leos ides  + 
. 
Strains which are defective for TP, PNP, or DPA are induced 
for non-mutated enzymes when grown with inducing nucleosides, but PDM- 
mutants cannot be induced under comparable conditions. Since PDM- 
mutants can generate pentose-1-phosphates, but not pentose-5- 
phosphates from nucleosides, this finding strongly indicates that 
the pentose-5-phosphates serve as the proximal intracellular inducers 
for TP, DPA, PNP, and possibly PDM. 
The mutase probably also participates in the metabolism of 
ribose phosphates, since (a) this enzyme is fully induced by purine 
ribonucleosides, and (b) since PDM- mutants are unable to grow on 
most ribonucleosides as sole sources of carbon. These mutants show 
limited growth in the presence of cytidine. This fact, and the 
unusual inducing properties of cytidine (which acts like a weak 
deoxyribosyl inducer) suggest that E. co l i  can convert the ribose 
portion of cytidine to deoxyribose-5-phosphate by reactions which 
are independent of PDM. We have examined extracts of PDM- strains 
for an enzyme activity which cleaves dCMP or dTMP at the glycosyl 
bond, with the release of deoxyribose-5-phosphate, but none has been 
found. 
The induction of PDM in E. coli  B is not accompanied by 
comparable changes in the activity of phosphoglucomutase, and normal 
levels of phosphoglucomutase are present in strains devoid of PDM 
activity. Therefore, these two enzymes appear to be distinct protein 
entities in E.  c o l i ,  although the possibility exists that they may 
differ only in the association of common protein subunits. 
The growth of DPA-mutants, both thymine-independent and 
thymine-requiring, is inhibited by deoxyribonucleosides. This 
inhibition appears to be a result of the accumulation of deoxyribose- 
5-phosphate or its metabolites, and is completely reversed by 
supplementation with ribonucleosides. These findings indicate that 
E. col i  can dispose of deoxyribose-5-phosphate by reactions other 
than DPA, possibly by the transketolase reaction, in which deoxyribose- 
5-phosphate serves as a keto1 acceptor (Allende and Racker, Biochim. 
Biophys.  Acta,). The properties of DPA-strains are very similar to 
s t hose  of  t h e  "deoxyribonucleoside s e n s i t i v e "  ( d  1 s t r a i n s  , r e c e n t l y  
desc r ibed  by Lomax and Greenberg (Bact. Proceedings, 1967, p .  56). 
W e  are a t tempt ing  t o  determine whether t h e  DPA gene i s  equ iva len t  
t o  t h e  d gene, o r  whether these  are c l o s e l y  l i nked  b u t  d i s t i n g u i s h a b l e .  s 
C. Future  P lans  
1. Examination of o t h e r  enzymes f o r  i nduc t ion  dur ing  
growth w i t h  nuc leos ides  w i l l  be made. O f  p a r t i c u l a r  i n t e r e s t  are 
those  involved  i n  t h e  metabolism of  ribose-5-phosphateI such as 
t r a n s k e t o l a s e ,  phosphoriboisomerase,  and ATP-PWP pyrophosphorylase.  
The r e g u l a t i o n  of t h e s e  enzymes i s  of cons iderable  i n t e r e s t ,  s i n c e  
they r e p r e s e n t  a group of enzymes a t  a metabol ic  branch po in t .  
2 .  Attempts to  f ind  a g r a t u i t o u s  inducer  f o r  t hese  
degrada t ive  pathways w i l l  be made. 
3 .  E f f o r t s  i n  t h e  p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  of  
phosphodeoxyribomutase w i l l  be cont inued.  
4. The l o c i  f o r  which mutants are a v a i l a b l e  w i l l  be mapped 
g e n e t i c a l l y .  W e  s h a l l  at tempt t o  c o n s t r u c t  r e c i p i e n t  s t r a i n s  and 
t o  c a r r y  o u t  i n i t i a l  conjugat iona l  a n a l y s i s .  There i s  reason t o  
b e l i e v e  t h a t  t h e  TP and DPA genes are l o c a t e d  i n  t h e  l eu - th r  reg ion  
of t h e  chromosome. 
BACTERIOPHAGE INTERNAL PROTEINS 
(H. 0. Kammen and M. S t r and)  
The i n t e r n a l  p r o t e i n s  of t h e  T-even bac ter iophages  c o n s t i t u t e  
a s m a l l ,  b u t  immunologically d i s t i n c t  f r a c t i o n  of t h e  v i r a l  p r o t e i n ,  
which is  injected i n t o  t h e  h o s t  ce l l  dur ing  i n f e c t i o n .  The func t ions  
of  t h e  i n t e r n a l  p r o t e i n s  are n o t  known, a l though it has  been sugges ted  
t h a t  t hey  are involved  i n  t h e  condensat ion of v i r a l  DNA p r i o r  t o  i t s  
packaging i n  t h e  phage head. 
chemical n a t u r e  and role of these  i n t e r n a l  p r o t e i n s .  
W e  have undertaken t o  r e i n v e s t i g a t e  t h e  
Severa l  a t t empt s  t o  prepare T2 and T 4  i n t e r n a l  p r o t e i n s  by a 
new procedure (Bachrach and Friedmann , BBRC, 26: 596 , 1967) were 
r epea ted ly  unreproducible .  Mill igram amounts of T2 and T 4  i n t e r n a l  
p r o t e i n s  have been obta ined  by o lde r  methods from osmot i ca l ly  
d i s r u p t e d  phages,  and have been used f o r  t h e  p r e p a r a t i o n ' o f  t h e  respec- 
t i v e  r a b b i t  a n t i s e r a .  When tested by t h e  Ouchterlony technique ,  
no s e r o l o g i c a l  c ros s - r eac t ions  were obta ined  between T2 and T 4  
i n t e r n a l  p r o t e i n s .  
When n a t i v e  T 4  or T7 DNA is mixed wi th  i n t e r n a l  p r o t e i n s  a t  l o w  
i o n i c  s t r e n g t h ,  it is  r e t a i n e d  by Mi l l i po re  membranes, i n  c o n t r a s t  t o  
unbound DNA. 
t h e  membrane a t  s a t u r a t i n g  concent ra t ions  of DNA is a rough i n d i c a t i o n  
of t h e  amounts of  i n t e r n a l  p r o t e i n  bound. 
By employing 3H-T7 DNA, t h e  r a d i o a c t i v i t y  r e t a i n e d  on 
Polyacrylamide g e l  e l ec t rophores i s  of  t h e  p u r i f i e d  i n t e r n a l  
p r o t e i n s  of T 4  has  d i sc losed  t h a t  they  are heterogeneous f r a c t i o n s ,  
con ta in ing  t w o  major p r o t e i n  c o n s t i t u e n t s ,  and s e v e r a l  t race 
components. 
The immediate o b j e c t i v e s  of t h i s  p r o j e c t  are as fo l lows:  
1. Resolut ion of t h e  ind iv idua l  components o f  t h e  i n t e r n a l  
p r o t e i n  f r a c t i o n s  and determinat ion of t h e i r  amino a c i d  compositions.  
2 .  Screening of  v i r a l  m u t a n t s  t o  determine which c i s t r o n s  may 
c o n t r o l  t h e  s y n t h e s i s  of i n t e r n a l  p r o t e i n s .  T o  t h i s  end, e x t r a c t s  
from non-permissive i n f e c t i o n s  w i l l  be assayed f o r  i n t e r n a l  p r o t e i n s  
a n t i g e n s  by a h igh ly  s e n s i t i v e  microcomplement f i x a t i o n  technique.  
M i s s  S t r and  r e c e n t l y  s p e n t  s e v e r a l  days i n  D r .  Al lan Wilson 's  
l a b o r a t o r y  l e a r n i n g  t h e  method. 
an i n t e r n a l  p r o t e i n  is  a gene product ,  w e  w i l l  examine t h e  type o f  
v i r a l  s t ructures  which accumulate dur ing  non-permissive i n f e c t i o n .  
Th i s  a n a l y s i s  may g ive  c lues  t o  t h e  func t ion  of i n t e r n a l  p r o t e i n s .  
I f  a c i s t r o n  is found f o r  which 
3 .  W e  are also p lanning  experiments t o  t e s t  whether t h e  
i n j e c t i o n  of i n t e r n a l  p r o t e i n s  during i n f e c t i o n  conveys any g e n e t i c  
s p e c i f i c i t y ,  and o t h e r  experiments t o  determine whether t h e  i n t e r n a l  
p r o t e i n s  are bound t o  t h e  v i r a l  DNA i n  a random or non-random manner. 
DETERMINATION OF BASE SEQUENCES I N  TOBACCO MOSAIC VIRUS RNA (TMV-RNA) 
(S. Mandeles, F. J .  Fearney, R. Anderson) 
Work has  cont inued on the  development of  a stable label on t h e  
5 ' - l i nked  terminus of TMV-RNA. I t  has  been found t h a t  reduct ion  of 
t h e  bis-semi-carbazone of TNV-RNA wi th  NaBH, produces a l a b e l  of 
i nc reased  s t a b i l i t y .  This  i nc rease  i n  s t a b i l i t y  is  p a r t i c u l a r l y  
n o t i c e a b l e  dur ing  cha in  l eng th  s e p a r a t i o n  on DEAE-Sephadex. 
t u n a t e l y ,  t h e  reduced bis-semi-carbazone label is no t  stable to  t rea tment  
w i th  charcoa l  so t h a t  an a l t e r n a t i v e  method f o r  recovering l a b e l l e d  
fragments from high  s a l t  s o l u t i o n  is be ing  sought .  
Unfor- 
The use  of 3 2 P  as a l a b e l  f o r  t h e  3 ' - l inked  terminus is a l s o  
c u r r e n t l y  under i n v e s t i g a t i o n .  
have been made of 32P-TMV-RNA. 
d i g e s t s  have shown i n d i c a t i o n s  of a contaminating nuclease and 
phosphotase.  Experiments a r e  under way t o  e l i m i n a t e  t h e s e  
contaminat ions.  
Panc rea t i c  RNase and T,  RNase d i g e s t s  
Chromatographic ana lyses  of t he  
FUTURE PLANS 
Work is planned along th ree  l i n e s :  
1. Continuat ion o f  base  sequence experiments wi th  3 2 P  and ,C 
labels for t h e  3'-OH l i nked  and 5'-OH l i n k e d  ends 
( r e s p e c t i v e l y )  of TMV-RNA. 
2 .  I s o l a t i o n ,  p u r i f i c a t i o n ,  and c h a r a c t e r i z a t i o n  of oligomers 
of  unique sequences from T ,  RNase d i g e s t s  of  TMV-RNA. 
3. U s e  of ol igomers  o f  unique sequences t o  map TMV-RNA. 
ACTION OF VARIOUS MUTAGENS ON TMV AND TMV-RNA 
(B. Singe r ,  H.  Fraenkel-Conrat;  i n  c o l l a b o r a t i o n  w i t h  t h e  
Department of Molecular Biology) 
The decrease  i n  i n f e c t i v i t y  upon r e a c t i o n  of  TMV-RNA wi th  
methyl-nitro-nitrosoguanidine (MNNG) d i f f e r s  depending on the s o l v e n t  
system, i o n i c  s t r e n g t h ,  and temperature.  I n  o r d e r  t o  a t tempt  a 
c o r r e l a t i o n  of chemical even t s ,  mutagenesis,  and i n f e c t i v i t y ,  a l l  of 
t h e  v a r i a b l e s  were s t u d i e d .  
The f i r s t  obse rva t ions  were 1) an i n c r e a s e  i n  i o n i c  s t r e n g t h  
2) i n f e c t i v i t y  w a s  los t  decreased t h e  i n f e c t i v i t y  loss (Table 1 )  ; 
very slowly i n  67% dimethyl  formamide (DMF), less s lowly i n  formamide 
(FA) and r a p i d l y  i n  H,O a t  2 O o C  (Table I ) ,  and 3)  
temperature  from 2OoC t o  37OC slowed t h e  i n f e c t i v i t y  loss i n  H,O 
markedly (Table 11) .  
terms of changes i n  s t a c k i n g  of t h e  bases .  That i s ,  t h e  more base 
i n t e r a c t i o n s ,  t h e  g r e a t e r  t h e  i n f e c t i v i t y  loss. This  would lead t o  
t h e  hypothes is  t h a t  MNNG i n a c t i v a t i o n  is favored ,  when t h e  bases are 
s tacked .  
an i n c r e a s e  i n  
A l l  of t h e s e  obse rva t ions  could  be expla ined  i n  
I t  w a s  p rev ious ly  repor ted  t h a t  t h e  mutagenic i ty  w a s  l o w  for 
MNNG a c t i n g  on TMV-RNA b u t  high i f  t h e  RNA w a s  s t i l l  i n  t h e  v i r u s  
where presumbably t h e r e  a r e  no base  i n t e r a c t i o n s .  I t  now appears  
t ha t  i n  67% dimethyl  formamide (DMF) t h e r e  is l i t t l e  i n c r e a s e  i n  
mutat ion rate , even though t h e  i n f e c t i v i t y  and chemical r e a c t i o n s  
d i f f e r  f r o m  t h e  r e a c t i o n  i n  H,O. 
by t h e  f a c t  t h a t  r e a c t i o n  i n  formamide (FA) l e a d s  to  a marked increase 
i n  mutat ion,  wh i l e  t h e  i n a c t i v a t i o n  i n  FA l ies  between t h a t  i n  H,O 
and DMF, and base changes a r e  minimal. 
This  paradox i s  f u r t h e r  complicated 
A n  i l l u s t r a t i o n  of base changes observed wi th  d i f f e r e n t  s o l v e n t s  
is shown i n  Table 111. 
RNA has  a h igh  GC conten t .  Similar a n a l y t i c a l  r e s u l t s  have been 
ob ta ined  wi th  TMV-RNA and y e a s t  RNA. 
The da ta  p re sen ted  are f o r  S-RNA s i n c e  t h i s  
The d a t a  show t h a t  n e i t h e r  t h e  G product  nor  t h e  C product  are 
produced i n  a n a l y t i c a l l y  d e t e c t a b l e  amounts when t h e  r e a c t i o n  is  
c a r r i e d  o u t  i n  FA. Only i n  r eac t ions  c a r r i e d  o u t  i n  DMF is  the C 
product  found as w e l l  as the Gproduc t .  The g r e a t e s t  amount of t h e  
G product  i s  found when MNNG r e a c t s  wi th  RNA i n  aqueous s o l u t i o n s  a t  
37OC. The d a t a  a l s o  show t h a t  t h e  chemical changes are favored by 
h ighe r  tempera tures  , whereas the i n a c t i v a t i o n  ra te  (Table 11’) is 
favored  by lower temperatures. I t  i s  a t  t h e  lower temperature  t h a t  
mutation has  been s t u d i e d  so f a r .  
of t h e  chemical s t u d i e s  show no ev iden t  r e l a t i o n s h i p  t o  t h e  
b i o l o g i c a l  s t u d i e s ,  f u r t h e r  work on t h e  e f f e c t  of temperature  and 
s o l v e n t s  i s  planned. 
S ince  t h e  magnitude and n a t u r e  
. 
TABLE I 
INFECTIVITY OF TMV-RNA REACTED WITH WNG 
IN VARIOUS SOLVENTS AT 2OoC 
(a) Solvent  bu f fe r  
Time 
15 minutes 60 minutes 
% Remaining I n a c t i v i t y  
Formamide none 2 .5  0 . 1  
67% Dimethyl Formamide 
H2° 
4 
none 
none 
PO, 
30 4 
15 0.4 
69 39 
0 .4  0.08 
2.3 0.07 
a) 6606 MNNG/mg RNA/mk s o l v e n t  
b) 0.04 M pH 7 phosphate ,  0.05 M pH 4 . 5  acetate,  or 0.05 M N a C l  a l l  
produced similar e f f e c t s  when added t o  67% DMF 
b 
TABLE I 1  
EFFECT OF TEMPERATURE ON INFECTIVITY OF 
TMV-RNA REACTED WITH PNNG 
% Remaining I n f e c t i v i t y  a)  Reaction Conditions 
H2° 
67% DMF 
mixed 
20oc 
20oc 
37OC 
2O0C 
2O0C 
37oc 
h e l d  
2O0C 
37oc 
37oc 
20oc 
37OC 
37OC 
30 seconds 10 minutes 30 minutes 
49, (70) 0.06, (0 .4)  
82 18 ( 4 )  
185, (79) 220, (147) (01, (0.4) 
(40) 15 
(150) 31 
(80) 31 
0.7 
1 .3  
3.7 
1 
a) 3 mg MNNG/mg RNA wi thou t  b u f f e r  
F igu res  i n  pa ren theses  a r e  s i n g l e  assays 
b . 
a3 
d 
0 0 0 
h 
F. 
v 
W 
m 
d 
P co 
. .  . .  
0 0 0  0 0  0 
r- l-l 
hl m 
d rl 
m W 
m m 
rl d 
rl d 0 
q -3 m 
rl d d 
m fn 
CO I- 
0 0 
m VI 
a3 r- 
0 0  
0 d 0 
0 OD co 
0 0 0 
VI m 
rl m 
rl rl 
m -r VI 
d m W 
0 0 
d rl 
0 0 
l-l rl 
0 0 0  
rl 4 d 
u 
I- 
m 
0 
X 
hl 
B 
2 
Ohl 
X 
mcu 
W c u  
0 0  
a 
0)  
U 
(d 
al 
k 
U 
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